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back	 mechanism,	 because	 part	 of	 the	 carbon	 is	 released	
as	methane,	which	has	a	higher	greenhouse	gas	potential	
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than	 CO2.	 Permafrost	 carbon	 dynamics	 are	 thus	 already	




interglacial	 timescales.	This	 largely	 stems	 from	 the	 very	
limited	number	of	suitable	outcrops	to	study	past	changes	












analyzed	 the	 compound-specific	 deuterium/hydrogen	 ra-
tios	on	extracted	alkanes	(R.	Zech	et	al.	2010;	Zech	et	al.	
2011).	The	 respective	 results	now	unambiguously	 (i.e.	 to-
tally	independent	of	the	age	control)	corroborate	that	more	
organic	carbon	was	sequestered	at	this	site	during	glacials	




local	 permafrost	 carbon	 dynamics,	 several	 hundred	 Pg	
‘excess	 carbon’	might	 have	 been	 stored	 in	 the	 vast	 non-
glaciated	plains	in	Siberia	that	became	affected	by	perma-
frost	during	glacials	 (Fig.	2)	 (R.	Zech	et	al.	2010;	Zech	et	










case,	 the	 most	 accurate	 estimates	 for	 permafrost	 carbon	
stock	changes	on	glacial-interglacial	timescales	will	prob-
ably	have	to	come	from	models.	The	only	model	estimate	
published	 so	 far	 for	 soil	 carbon	 released	 from	 the	 vast,	
non-glaciated	Siberian	permafrost	regions	during	the	last	
deglaciation	 (~17–12	ka	BP,	before	present)	 indicates	 that	
more	than	1000	Pg	C	could	have	been	released	(Zimov	et	
al.	2009).	Modeling	the	complex	physical	and	biogeochemi-
Fig. 1: Stratigraphy and analytical results for the loess-
paleosol sequence ‘Tumara’. The stratigraphy illustrates 
the alternation between organic-rich, dark grey units 
B and D, and bright brown organic-poor units A, C 
and E. TOC = total organic carbon concentration. δ D = 
deuterium/hydrogen isotope ratios (blue: n-alkane C27, 
red: n-C29, green: n-C31, error bars: standard deviation 
of triplicate measurements, grey: average of all three 
alkanes). The tentative correlation with marine isotope 
stages (MIS) is shown to the right (modified from R. 
Zech et al. 2010; Zech et al. 2011). 
Abb. 1: Stratigraphie und Analysenergebnisse für das 
Löss-Paleoboden-Profil „Tumara“. Die Stratigraphie 
illustriert die Abfolge der organikreichen, dunkelgrauen 
Horizonte B und D, und der hellbraunen, organikarmen 
Horizonte A, C und E. TOC = Bodenkohlenstoffkonzent-
ration. δ D = Deuterium/Wasserstoff Isotopenverhältnis 
(blau: n-Alkan C27, rot: n-C29, grün: n-C31, Fehlerbal-
ken: Standardabweichung der Dreifachmessungen, grau: 
Mittelwert aller drei Alkane). Die Korrelation mit den 
Marinen Isotopen Stadien (MIS) ist rechts dargestellt 
(verändert nach R. Zech et al. 2010; Zech et al. 2011). 
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Fig. 2: Location of the Tumara Sequence (red star) and mean annual temperatures (MAT in °C) in Siberia (New et al., 2002). The -5°C isotherm (red dashed 
line) approximately marks the southward extent of continuous permafrost today (Tarnocai et al. 2009). Discontinuous permafrost exists until MAT 0°C, 
and the +5°C isotherm (dashed blue line) indicates the approximate southward expansion of continuous permafrost during glacials assuming a 10°C tem-
perature reduction (from R. Zech et al. 2010; Zech et al. 2011).
Abb. 2: Lage des Tumara Profils (roter Stern) und mittlere annuelle Temperaturen (MAT in °C) in Sibirien (New et al. 2002). Die -5°C Isotherme (rote, 
gestrichelte Linie) markiert ungefähr die heutige südliche Grenze des kontinuierlichen Permafrostes (Tarnocai et al. 2009). Diskontinuierlichen Permafrost 
gibt es bis MAT ~0°C, und die +5°C Isotherme (gestrichelte blaue Linie) markiert ungefähr die südliche Ausdehnung des kontinuierlichen Permafrostes 







following,	 I	 will	 (i)	 briefly	 recap	 the	 state	 of	 knowledge	
concerning	Pleistocene	climate	and	the	role	of	carbon	diox-
ide,	and	then	show	that	(ii)	permafrost	carbon	might	have	
contributed	 significantly	 to	 the	observed	glacial-intergla-
cial	 changes	 in	 atmospheric	 CO2	 concentrations	 without	
violating	 existing	 proxy	 evidence	 from	 carbon	 isotopes.	
(iii)	 I	 speculate	 that	 integrated	 annual	 insolation	 forcing	
of	 the	 permafrost	 carbon	 dynamics	might	 have	 acted	 as	




2  State of knowledge – ‘burden’ and ‘helper’ scenarios
As	we	know	from	Antarctic	ice	cores,	the	~100	ka	rhythm	
of	 glacials	 and	 interglacials	 during	 the	 past	 ~800	 ka	was	














Particularly	 changes	 in	 the	 Southern	 Ocean	 circulation	
have	 recently	 been	 invoked	 to	 control	 atmospheric	 CO2,	
because	up-welling	of	deep	ocean	water	masses	mainly	oc-
curs	 around	Antarctica,	where	 thus	CO2	 from	 remineral-
ized	marine	organic	material	is	vented	back	into	the	atmos-
phere	 (Fischer	 et	 al.	 2010;	 Sigman,	Hain	&	Haug	 2010;	
Toggweiler,	Russell	&	Carson	2006).	
Virtually	all	current	glacial	hypotheses	and	climate-car-
bon	models,	 regardless	 of	 their	 favorite	mechanisms	 and	
their	specific	model	set-ups,	not	only	build	on	the	assump-
tion	that	physical	and/or	biological	changes	in	the	ocean	led	
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to	the	sequestration	of	carbon	dioxide	in	the	deep	glacial	


















There	 are,	 however,	 various	 reasons	 to	 doubt	 the	 cur-
rently	widely	accepted	burden	scenario:








there	 has	 been	 no	 success	 so	 far	 in	 finding	 this	 pool	
(Broecker	 &	 Barker	 2007;	 De	 Pol-Holz	 et	 al.	 2010;	
Skinner	et	al.	2010).	










timates	 of	 huge	 amounts	 of	 carbon	 stored	 in	 permafrost	





3  Reconciling permafrost carbon dynamics with the  








thawing	permafrost	 during	 terminations	 at	 face	 value	 as	
hitherto	 unrecognized	 additional	 terrestrial	 carbon	 pool	
change,	 this	 amount	 would	 massively	 affect	 the	 global	
climate.	When	considered	 in	 isolation	of	other	 terrestrial	
pools,	most	 of	 the	 released	 permafrost	 carbon	would	 be	




tion	 to	 the	 carbon	 balance	 on	 glacial-interglacial	 times-
cales.
A	more	balanced	approach	additionally	has	 to	consid-












during	 termination.	Note	 that	 this	 balance	 is	 not	 includ-
ing	 hundreds	 of	 Pg	C	 that	may	 have	 been	 buried	 below	










3.1  Carbon isotopic signals during deglaciation
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a	~1	to	2‰	drop	in	atmospheric	(and	upper	ocean)	δ13C	and	
a	~70	to	140‰	drop	Δ14C,	which	is	in	reasonable	agreement	













phere)	 more	 enriched	 by	 ~0.2–0.4‰.	 Two	 considerations	
might	help	to	reconcile	these	apparent	discrepancies.	
First,	the	widely	used	value	of	-0.32‰	was	derived	from	











are	 almost	 identical,	 although	 the	 isotopic	 fractionation	
between	 the	 surface	 ocean	 and	 the	 atmosphere	 changed	
by	~0.5‰	due	to	 lower	temperatures	and	increased	salin-
ity	 (Köhler,	Fischer	&	Schmitt	2010;	Lourantou	et	al.	
2010).	Whereas	Koehler	et	al.	 (2010)	 invoke	sea	 ice,	 iron	
fertilization	 and	 ocean	 circulation	 effects	 (which	 are	 all	





Second,	and	more	 importantly,	 it	 is	not	 trivial	 to	 infer	















tion	 to	 the	glacial-interglacial	 carbon	balance	 is	not	nec-
essarily	contradicting	existing	carbon	isotope	proxies	and	
might	in	fact	help	reconciling	many	observations.	
4  Integrated annual insolation as external forcing for  






tive	estimate,	 the	net	 terrestrial	carbon	of	~200	 to	400	Pg	
C	 released	 during	 the	 last	 termination	 (from	 the	 above	
back-of-the-envelope	 calculation)	would	be	 equivalent	 to	
~100	to	200	ppm	atmospheric	CO2.	Particularly	in	view	of	
the	 fact	 that	part	of	 the	permafrost	carbon	 is	 released	as	
methane	and	thus	as	efficient	greenhouse	gas,	these	large	









additional	 mechanism.	 Importantly,	 however,	 permafrost	
carbon	dynamics	may	not	only	be	a	positive	feedback,	but	













At	high	 latitudes	 (>45°N),	 integrated	 annual	 insolation	








ized	 by	 ~41  ka	 glacial-interglacial	 cycles	 (Huybers	 2006;	
Raymo	&	Nisancioglu	2003)	(Fig.	4).
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al	parameter	obliquity	 rather	 than	eccentricity	 (Huybers	































tricity.	 Only	 the	 next	 obliquity	maximum	 that	 coincided	
with	increasing	eccentricity	kicked	off	the	warming	feed-
backs	related	to	thawing	permafrost	and	CO2	and	methane	
























(iii)	 Integrated	annual	 insolation	forcing,	which	 likely	af-
fects	 permafrost	 carbon	 dynamics	 most	 effectively	 at	











Fig. 3: Integrated annual insolation for 
47.5, 44, 43 and 40°N (Berger & Loutre 
1991). The 400 ka means are ~9.4, 9.9, 
10.0, and 10.4 GJ/m2.
Abb. 3: Integrierte annuelle Insolation 
für 47.5, 44, 43 und 40°N (Berger & 
Loutre 1991). Die 400 ka Mittelwerte 
sind ~9.4, 9.9, 10.0, und 10.4 GJ/m2.












up	with	new	estimates	 for	mean	ocean	d13C	 changes	 and	
thus	 net	 terrestrial	 carbon	 budgets	 on	 glacial-interglacial	
timescales.	The	second	approach	could	be	to	develop	more	
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Fig. 4: Outline of the permafrost glacial hypothesis explaining the obliquity cycle skipping after the mid-Pleistocene transition. The marine δ18O stack il-
lustrates changes in global ice volume and global temperatures (Lisiecki & Raymo 2005), obliquity and eccentricity the relevant orbital forcing parameters 
(Berger & Loutre 1991). Blue lines mark prominent examples where obliquity cycles were skipped. Red lines mark subsequent obliquity maxima that 
coincided with increasing eccentricity and that therefore triggered major terminations.
Abb. 4: Darstellung der pleistozänen Eiszeitenabfolge und deren potentielle Erklärung mit Hilfe der Permafrost Hypothese.  Die marine δ18O Kurve illus-
triert die Änderungen des globalen Eisvolumens und der globalen Temperaturen (Lisiecki & Raymo 2005), die Schiefe der Ekliptik und die Ekzentrizität, 
die relevanten orbitalen Insolationsparameter (Berger & Loutre 1991). Blaue Linien markieren exemplarisch Fälle, in denen ein 41 ka Zyklus ausfiel. Rote 
Linien markieren nachfolgende Maxima in der Schiefe der Ekliptik, welche mit steigender Ekzentrizität einhergingen und damit das Ende einer Eiszeit 
einleiteten. 
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